Purpose This study aimed to explore the expression profiles of circRNA in granulosa cells of women of reproductive age with polycystic ovary syndrome (PCOS). Methods Total RNA was isolated from granulosa cells of 15 women with PCOS and 15 body mass index-and age-matched healthy women (control). RNA sequencing was conducted on ribosomal-depleted RNA for circRNA expression profiling. The differential expression of circRNA between women with PCOS and controls was compared and visualized using hierarchical clustering heat maps and Volcano plots. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses were performed to determine the role of the differential expression of circRNAs. The expression rates of circRNAs were confirmed using quantitative real-time PCR (qRT-PCR) using divergent primers. Results A total of 4258 and 7395 candidate circRNAs were predicted in PCOS and controls, respectively, based on the RNA-sequencing data. Differences were noted in the expression patterns of circRNA between the two groups. Analysis of the expression profiles revealed that four circRNAs were upregulated, whereas 23 were downregulated in the women with PCOS. GO analysis suggested that the 27 differentially expressed circRNAs were mainly distributed in biological process pathways, particularly in pathways involving inflammation, proliferation, and the vascular endothelial growth factor-related signaling pathway. Six circRNAs were identified in PCOS-affected women using divergent primers. qRT-PCR confirmed that hsa_circ_0001577 was significantly upregulated and hsa_circ_0020093 was downregulated in the women with PCOS. Conclusions Several circRNAs were differentially expressed in women of reproductive age with PCOS, suggesting the involvement of these circRNAs in the development of PCOS and the potential clinical implications of their use as PCOS biomarkers.
Introduction
Polycystic ovary syndrome (PCOS) is an endocrinopathy that is characterized by oligomenorrhoea/amenorrhoea, hyperandrogenism, and polycystic ovaries [1] . It is the most common cause of anovulatory infertility, affecting 5-20% of women of reproductive age worldwide [2, 3] . The etiology of PCOS remains unclear. It is estimated that the annual impact of PCOS on the US health budget is approximately $4.36 billion per year [4] . There is, therefore, an urgent need of investigation into molecules involved in the etiology of PCOS and the subsequent development of diagnostic biomarkers.
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(ESHRE/ASRM, Rotterdam). Two of three phenotype features must be present: hyperandrogenism and/or hyperandrogenemia; oligoovulation; and polycystic ovarian morphology [5] . It has been suggested that clinical features including insulin resistance, an increased risk of pregnancy-related complications such as anovulatory infertility, miscarriage [6] , type 2 diabetes mellitus, endometrial cancer [7] , and cerebrovascular and cardiovascular pathologies are also associated with PCOS in some women [8, 9] . With the development of high-throughput, next-generation sequencing technologies, changes in gene expression that are related to disease initiation and progression are increasingly easy to detect. Therefore, the use of high-throughput technologies for investigating novel biomarkers would be of significant benefit in the diagnosis of PCOS.
Circular RNAs (circRNAs) are a novel class of endogenous RNAs that are generated from precursor mRNA (premRNA) using head-to-tail backsplicing. They function as miRNA sponges. Unlike traditional linear RNAs, circRNAs form covalent closed-loop structures that do not have typical 5ʹ caps and 3ʹ polyA tails [10] . Although the functions of several circRNAs have not been fully investigated, there is some evidence demonstrating that circRNAs are differentially expressed in a range of serious diseases, including cancer [11] , Alzheimer's disease [12] , heart dysfunctions, [13] and endocrine dysfunctions such as type-2 diabetes mellitus [14] . These observations of aberrant expression of circRNA in these diseases suggest the role of circRNA as diagnostic and prognostic biomarkers.
In the field of PCOS, previous studies have demonstrated that endogenous microRNAs (miRNAs), which are differentially expressed in cumulus granulosa cells (GCs), serum, and follicular fluid, are associated with PCOS [15] [16] [17] . For long noncoding RNAs (lncRNAs), the aberrant expression of a variety of lncRNAs has also been observed in cumulus cells isolated from patients with PCOS. However, little is known about the circRNA profiles of patients with PCOS, especially of women of reproductive age. In this study, we recruited women with PCOS and conducted RNA sequencing (RNA-seq) using RNA isolated from GCs to explore the expression profiles of circRNA in PCOS.
Materials and methods

Patient recruitment and study design
The study was approved by the Institute Research Medical Ethics Committee of the Third Affiliated Hospital of the Guangzhou Medical University. All participants provided informed consent before recruitment. A total of 30 patients were enrolled in the study consecutively; of these 15 were women with PCOS and the remaining 15 were body mass index (BMI)-and age-matched non-PCOS controls who underwent in vitro fertilization (IVF) intracytoplasmic sperm injection (ICSI) treatment. Patients exhibiting two of the following three conditions, oligoovulation or anovulation, hyperandrogenism, or polycystic ovaries, were diagnosed with PCOS as specified by the Rotterdam 2003 criteria [18] . Patients with congenital adrenocortical hyperplasia, Cushing's syndrome, ovarian or adrenal tumors, hypothyroidism, or hyperprolactinemia were excluded from this study. The clinical characteristics of the patients and controls are detailed in Table 1 .
Collection of follicular fluid (FF) and isolation of GCs
FF was collected from patients and controls and centrifuged at 2500 g for 10 min. After removing the supernatant, samples were resuspended in phosphate-buffered saline (PBS). To isolate GCs from FF, PBS-resuspended samples were run through a 50% Percoll gradient (Sigma, St. Louis, USA), followed by centrifugation at 1000 g for 20 min at 4 °C as previously described [19, 20] , with minor modifications. GCs were collected from the second layer of the liquid. The second, milky white layer was carefully collected using a pipette and then resuspended in PBS. GCs were further purified by straining and were then stored at −80 °C in the TRIzol reagent (Thermo-Fisher Scientific, USA) to be used for RNA isolation.
RNA isolation and RNA-seq
Total RNA from GCs was isolated using the TRIzol reagent following a standard protocol. The quality of the RNA obtained, including the integrity and size distribution, was confirmed using the Agilent 2100 Bioanalyzer pico-RNA chip (Aglient, CA, USA). Before the construction of an RNA-seq library, rRNA was removed from the total RNA samples using the RiboMinus Eukaryote Kit (Qiagen, Hilden, Germen). The NEB Next Ultra Directional RNA Library Prep Kit for Illumina (NEB, MA, USA) was used according to the manufacturer's instructions to create an RNA library for RNA-seq. The resulting RNA-seq library was quantified using an Agilent 2100 Bioanalyzer and was run on the HiSeq 2000 platform (Illumina, CA, USA) for RNA sequencing.
CircRNA prediction and differentially expressed circRNA analyses
Clean RNA-seq data were aligned to the human GRCh37/ hg19 reference genome using the Burrows-Wheeler Alignment Tool 0.7.13. Candidate circRNAs were predicted and annotated using the CIRI software. The circRNAs, which were differentially expressed between the PCOS samples and controls, were identified using the reads per kilobase per million mapped reads algorithm, and the circRNA reads were normalized to the total number of reads. p values obtained by a previously reported model [21] were adjusted using the Benjamini and Hochberg's approach for controlling the false discovery rate. The circRNAs meeting the criterion of log 2 (PCOS/control) > 1 and adjusted p value < 0.05 were considered to be differentially expressed circRNAs. For the analysis of circRNA expression, the differentially expressed circRNAs were analyzed using the R (version 1.0.8) heatmap package (https ://cran.r-proje ct.org/web/packa ges/pheat map/) for hierarchical clustering analysis and were distinguished using the volcano plot method. Gene ontology (GO) analysis was performed to explore the functional roles of differentially expressed circRNAs. Biological pathways in which the differentially expressed circRNAs were enriched were identified using the Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.genom e.jp/kegg/) database (adjusted p value < 0.05; gene count ≥ 2).
Identification and quantification of circRNA
To confirm the backsplicing sites of the circRNAs, and to quantify the differences in expression between patients with PCOS and controls, the RNA was reverse transcribed to cDNA using PrimeScript RT Master Mix (Takara, Dalian, China) and random primers. Candidate circRNAs were amplified using divergent primers designed for backsplicing sites (Supplementary Table S1 ). Genomic DNA samples were isolated from GCs using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany), and cDNA amplified by convergent primers were used as controls. The products produced by amplification using the convergent and divergent primers were purified using Sanger sequencing (Sangon Biotech, Shanghai, China) to verify the backsplicing site sequence.
For the quantification of circRNA expression, real-time PCR analyses were performed using SYBR Premix Ex Taq II with divergent primers (Takara, Dalian, China). The relative expression levels of circRNAs were calculated using the 2 −ΔΔCt method.
Statistical analyses
Results are expressed as mean ± SD. Comparisons between two groups were performed using the Student's t test. Significant differences among two or more groups were estimated using the one-way analysis of variance using the SPSS 19.0 (SPSS Inc., IL, USA). A p value of < 0.05 was considered to be statistically significant.
Results
Overview of circRNA expression in patients with PCOS
To investigate the expression profiles of circRNA in patients with PCOS, a total of 30 women (15 with PCOS and 15 BMI-and age-matched healthy women) were recruited (Table 1 ) and subjected to RNA-seq analysis. RNA-seq revealed that the expression patterns of circRNA in patients with PCOS were different from those in the controls. A total of 42,244 and 85,210 reads were generated for patients with PCOS and controls, respectively. After redundant data were removed, 4258 and 7395 candidate circRNAs were identified in patients with PCOS and controls, and of these, 2899 (68.08%) and 4415 (59.70%) were included in circBase, respectively. Of these circRNAs, exon-derived circRNAs were present in similar proportions in patients with PCOS and controls, accounting for 91.10% and 89.20%, along with intron circRNAs, accounting for 8.57% and 10.66%, respectively. In addition, there were 14 and 11 circRNAs that originated from intergenic regions in patients with PCOS and controls, respectively ( Table 2) .
Analysis of differentially expressed circRNAs
Differential expression analysis showed that compared with the controls, 27 differentially expressed circRNAs were found in patients with PCOS, of which 4 were upregulated and 23 were downregulated. The number of downregulated circRNAs in the patients with PCOS was higher than that of upregulated circRNAs (Table 3) . Using a hierarchical clustering heatmap to visualize the profiles of circRNAs between patients with PCOS and controls revealed differences in the expression pattern of circRNAs between the two groups (Fig. 1a) . Volcano plots additionally indicated that the expression of some circRNAs was upregulated whereas that of others was (Fig. 1b) . Analyzing the genomic distribution of the differentially expressed circRNAs revealed that these circRNAs tended to occur in chromosomes 1, 2, and 3 ( Fig. 2) . We used GO and KEGG pathway enrichment analyses to investigate the potential functions of differentially expressed circRNAs. Differentially expressed circRNA had GO annotations to biological processes, cellular components, and molecular functions, with the most annotations to biological processes (Fig. 3) . KEGG pathway enrichment analysis showed that pathways involved in cancer, the regulation of the actin cytoskeleton, the PI3 K-Akt signaling pathway, and the chemokine signaling pathway were particularly enriched with differentially expressed circRNAs.
Identification and characterization of differentially expressed circRNAs in patients with PCOS
To verify the backsplicing of circRNAs, two upregulated and four downregulated circRNAs were selected for analysis. cDNA and gDNA from patients with PCOS were amplified using convergent primers, designed for identifying linear RNA, and divergent primers, designed for identifying circRNA, respectively. The length of the amplified products was observed to be the same in all the convergent primers, amplified cDNA and gDNA samples of each circRNA, suggesting that linear sequences exist in both the genome and the transcript (Fig. 4) . However, when circRNA-specific divergent primers were used for amplification, the expected bands only appeared in the cDNA samples, suggesting that these circRNAs were derived from the transcript and not from the genome. Linear GAPDH were also amplified as negative and positive controls. GAPDH-divergent primers were used to amplify regions that did not encode circRNAs. As expected, target bands were not observed in cDNA and gDNA samples; however, target bands were observed in those amplified using the convergent GAPDH primers. Subsequently, Sanger sequencing confirmed that the product amplified using each circRNA-specific divergent primer contained predicted backsplicing sites (Fig. 4) .
To verify the differential expression of circRNAs in patients with PCOS, 15 paired patients with PCOS and controls were recruited for the quantification of the expression qRT-PCR confirmed that compared with the controls, hsa_ circ_0001577 was significantly upregulated (P = 0.0062) and hsa_circ_0020093 was downregulated (P = 0.0321) in patients with PCOS (Fig. 5) .
Discussion
Circular RNAs are backspliced endogenous RNAs that can potentially be used as biomarkers for disease diagnosis and prognosis. However, the expression of these circRNAs has not previously been elucidated in patients with PCOS. In this study, we aimed to investigate the circRNA expression profiles of patients with PCOS. We isolated total RNA from the GCs of women of reproductive age with PCOS and from those of BMI-and age-matched controls and performed RNA-seq. Several circRNAs were found to be differentially expressed in women with PCOS, and the differentially expressed circRNAs were found to be highly clustered in pathways listed in GO biological processes and in cancer-, inflammation-and endocrine-related pathways. We also conducted qPCR assays and confirmed that hsa_circ_0001577 was upregulated and hsa_circ_0020093 was downregulated in patients with PCOS. Our findings extend knowledge about the expression profiling of a new type of endogenous RNA, which has been implicated in PCOS.
It has been reported that PCOS is the leading cause of anovulatory infertility and affects > 80% of women with anovulatory infertility [18, 22] . PCOS is often closely associated with recurrent spontaneous abortions in patients with infertility [23] . Thus, it is important that we focus on this population of women of reproductive age, who may suffer from poor outcomes because of the complications of PCOS. We, therefore, selected this subset of population for investigating circRNA expression.
Although the underlying molecular mechanism is uncertain, GCs have been demonstrated to play an important role in the pathogenesis of PCOS. It is thought that aberrant hormonal responses to GC are one of the contributors to the development of PCOS [24] . The elevated levels of luteinizing hormone (LH) and insulin resistance are typical symptoms exhibited by women with anovulation and PCOS; moreover, the dysfunction of LH and insulin interactions can affect the terminal differentiation of GCs [4, 25] . The activation of LH/chorionic gonadotrophin receptor, an important effector of ovulation in GCs of patients with PCOS, was also reported in a previous study [26] , which highlighted the importance of GCs and hormones present in them. However, RNA information from the GCs of women with PCOS is currently limited.
With the development of high-throughput, next-generation sequencing, studies applying this technique for assessing PCOS demonstrate that a wide range of transcripts are differentially expressed in PCOS. Lerner et al. showed that cholesterol biosynthesis and metabolismrelated genes such as hydroxy-3-methylglutaryl and CoA synthases 1 and 2 were downregulated in GCs of women with PCOS [27] . Xu et al. demonstrated miRNA expression in the cumulus GCs in patients with PCOS and suggested a pivotal role of the Notch signaling pathway in the pathophysiology of PCOS [15] . A recent study on lncRNA sequencing in cumulus cells demonstrated that 623 lncRNAs23 were differentially expressed in patients with PCOS [28] . However, till date, no study has examined circRNA expression in patients with PCOS. Our study revealed four upregulated and 23 downregulated circRNAs, suggesting that in addition to lncRNAs, miRNAs and mRNAs, circRNAs are also important in PCOS. The present study extends our knowledge regarding circRNA expression in GCs of patients with PCOS.
The circRNAs that were differentially expressed in PCOS patients were mainly centered in inflammation-and endocrine-related pathways, including chemokines, PI3 K-Akt, and vascular endothelial growth factor (VEGF) signaling pathways. It has been suggested that the apoptotic rates of GCs is low and the proliferation rate is high in patients with PCOS, indicating that cell proliferation is an important event in PCOS [29] . PI3 K-Akt is an important pathway in regulating cell proliferation and survival in several cancers [30] . This pathway is also involved in the pathology of PCOS [31, 32] and has an effect on ovarian GCs [33] as well as follicular growth [34] . These results imply that the differential expression of circRNAs involved in the pathway may be associated with GC proliferation.
It has been recognized that the VEGF signaling pathway regulates the angiogenesis, which is a prominent feature of PCOS [35] . The contribution of VEGF to follicular development was also observed in Rhesus monkeys [36] . In PCOS, the expression of VEGF was found to be induced in luteinized GCs and theca lutein cells [37, 38] . Consistent with these studies, our study also demonstrated the presence of highly enriched up-and downregulated circRNAs in the VEGF signaling pathway, suggesting a possible relationship between circRNAs and the pathway.
We also identified a chemokine pathway enriched with differentially expressed circRNAs. Chemokines are regulatory factors in the immune system. Emerging evidence indicates that inflammation-related cytokines such as chemokine (C-C motif) ligand 3, IL-18, and C-reactive protein are elevated in women with PCOS, suggesting that low-grade inflammation manifests in PCOS [39] [40] [41] . In particular, a wide range of inflammation-related genes are found to be differentially expressed in the GCs of women with PCOS [42] . We thus propose that the differentially expressed circRNAs observed in the current study may be linked to inflammatory events in PCOS.
In conclusion, although the exact function of the differentially expressed circRNAs is currently unknown, the present findings may provide information regarding the molecular mechanisms of PCOS with respect to the differential regulation of circRNA. However, these findings are based on early stage clinical experiments. In the future, we will focus on the identification of relevant circRNA biomarkers and the functional analyses of these differentially expressed circRNAs.
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